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Abstract: The fire performance of cold-formed steel members is an important criterion to be 
verified for their successful use in structural applications. However, lack of clear design 
guidance on their fire performance has inhibited their usage in buildings. Their elevated 
temperature mechanical properties, i.e. yield strengths, elastic moduli and stress-train 
relationships, are imperative for the fire design. In the past many researchers have proposed 
elevated temperature mechanical property reduction factors for cold-formed steels, however, 
large variations exist among them. The LiteSteel Beam (LSB), a hollow flange channel 
section, is manufactured by a combined cold-forming and electric resistance welding process. 
Its web, inner and outer flange elements have different yield strengths due to varying levels 
of cold-working caused by their manufacturing process. Elevated temperature mechanical 
properties of LSBs are not the same even within their cross-sections. Therefore an 
experimental study was undertaken to determine the elevated temperature mechanical 
properties of steel plate elements in LSBs. Elevated temperature tensile tests were performed 
on web, inner and outer flange specimens taken from LSBs, and their results are presented in 
this paper including their comparisons with previous studies. Based on the test results and the 
proposed values from previous studies and fire design standards, suitable predictive equations 
are proposed for the determination of elevated temperature mechanical properties of LSB 
web and flange elements. Suitable stress-strain models are also proposed for the plate 
elements of this cold-formed and welded hollow flange channel section. 
 
  
 
2 
 
Keywords: Cold-formed steel structures, Fire design, Elevated temperatures, Mechanical 
properties, Tensile testing 
Corresponding author’s email address:  m.mahendran@qut.edu.au 
1. Introduction 
Cold-formed steel members are increasingly used in the construction industry due to their 
advantages such as versatility in manufacturing, easy transportation, easy erection and 
dismantlement and high strength to weight ratios. Light gauge steel frames (LSF) used in 
wall and floor systems are a good example of the use of cold-formed steels. Traditionally 
conventional lipped channel section studs and joists have been used in these wall and floor 
systems. Recent research has investigated the use of welded or rivet/screw fastened and cold-
formed hollow flange channel sections and shown their superior structural performance in 
these applications [1, 2]. LiteSteel Beam (LSB) was one such hollow flange channel section, 
commercially produced by an Australian company using a combined cold-forming and 
electric resistance welding process to form two rectangular hollow flanges as shown in Figure 
1. However, there has not been any research on the fire performance of these cold-formed 
and welded hollow flange channel sections and these sections have not been used in 
applications where fire rating is required. The main reason for this is the unavailability of the 
elevated temperature mechanical properties of LSB steel plate elements. 
Accurate elevated temperature mechanical properties are very important for the development 
of performance based fire design methods for cold-formed steel structural members [3].  
Elastic modulus and yield strength are the important mechanical properties, which degrade 
with increasing temperatures during fire events. Eurocode 3 Part 1.2 [4] provides the same 
elevated temperature elastic modulus and yield strength reduction factors for thin hot-rolled 
(Class 4) and cold-formed steels although their manufacturing processes significantly differ. 
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Dolamune Kankanamge and Mahendran [5] have shown that unlike hot-rolled steels, cold-
formed steels lose their strength gained through cold-forming at elevated temperatures. In 
recent times Dolamune Kankanamge and Mahendran [5], Mecozzi and Zhao [6], Chen and 
Young [7], Ranawaka and Mahendran [8], Wei and Jihong [9] and Jihong and Wei [10] have 
conducted detailed experimental studies to determine the elevated temperature mechanical 
property reduction factors of cold-formed steels. They found that the reduction factors they 
obtained significantly differed from those given in Eurocode 3 Part 1.2 [4]. Hence they 
proposed different predictive models for elastic modulus and yield strength reduction factors 
for cold-formed steels at elevated temperatures based on their experimental studies. Their 
proposed values even varied largely among them. 
The manufacturing process, level of cold-working and chemical composition of the cold-
formed steels used in their experiments varied and these may be the reasons for the different 
reduction factors. Further, some researchers conducted experiments on specimens taken from 
cold-formed steel sheets while others took them from cold-formed steel members such as 
Square Hollow Sections (SHS) and Rectangular Hollow Sections (RHS). This would also 
have caused the observed differences in the elevated temperature mechanical property 
reduction factors. Dolamune Kankanamge and Mahendran [5] provide suitable elevated 
temperature mechanical property reduction factors for both low and high strength cold-
formed steels based on tensile tests of coupons taken from steel sheets. They may not be 
applicable to LSB plate elements as LSBs were made by a combined cold-forming and 
welding process. Further, previous researchers found that yield strengths obtained at ambient 
temperature varied significantly when specimens were taken from LSB’s web and flange 
plate elements, and thus elevated temperature tensile tests are imperative to determine the 
accurate elevated temperature mechanical properties. Therefore elevated temperature tensile 
tests were conducted on the specimens taken from different locations in LSBs such as web, 
  
 
4 
 
inner flange and outer flange elements. This paper presents the details of these tensile tests, 
and the results including the mechanical property reduction factors and stress-strain 
relationships of LSB plate elements. 
2. Experimental Investigation 
2.1. Test Method 
There are two types of test methods, steady and transient state methods, which are used to 
investigate the mechanical properties of cold-formed steels at elevated temperatures. In the 
steady state tests, the test specimen is heated to a target temperature and once the temperature 
is uniform in the specimen, a tensile load is applied at a constant rate until failure while 
maintaining the achieved temperature. On the other hand, in the transient state tests, the test 
specimen is kept under a target load while the temperature is increased at a specified rate 
until failure. It has been stated by several researchers that the transient state test method is 
more realistic since it simulates the real conditions of fire situations including the creep effect 
[7, 11]. The time dependent creep effect is influenced by both the applied load and 
temperature. This effect can be neglected since both steady and transient state tests are 
usually completed within an hour and thus undergo limited amount of creep effect. 
Furthermore, steady state tests are considerably easier to conduct than transient state tests and 
stress-strain curves can be directly obtained from them. Therefore many researchers have 
used the steady state test method because of its simplicity and accuracy. In this research 
study, the steady state test method was adopted to conduct the tensile tests to determine the 
elevated temperature mechanical properties of web, inner flange (IF) and outer flange (OF) 
elements of the welded hollow flange channel sections (LSBs). Past research on LSF walls 
made of conventional channel sections [17,18] have shown that the elevated temperature 
mechanical properties of steels obtained from steady state tests [5] can be used in the 
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transient state finite element analyses of steel studs by comparing their numerical and full 
scale fire test results.   
2.2. Test Specimens  
Test specimens were taken from the web, IF and OF elements of two LSBs, 200x45x15x1.6 
and 150x45x15x1.6 mm. They were prepared in accordance with AS 2291 [12] and their 
dimensions and shape are shown in Figure 2. A 10.5 mm diameter hole was provided on both 
sides in order to fix the specimen to the jaws of the Instron Testing Machine.  
Test specimens taken from LSBs were zinc coated and hence the coating of each specimen 
was removed by immersing them in diluted hydrochloric acid. Following the removal of 
coating, an average coarse sand paper was used to make the specimen surface rough, which 
was then cleaned using Ethanol. Test specimen dimensions required for the stress 
calculations, the base metal thickness and gauge width, were measured using a micrometer. 
The average base metal thickness of the web, IF and OF elements were found to be 1.53, 1.58 
and 1.66 mm, respectively. Following this, two retro-reflective tapes were fixed to the 
specimen at a gauge length of 50 mm as shown in Figure 3 in order to measure the strain in 
the specimen at elevated temperatures.  
2.3. Test Set-up and Procedure 
Steady state tensile tests were conducted to determine the mechanical properties of specimens 
at 20, 200, 300, 400 and 480
o
C in the Smart Structure Laboratory at Swinburne University of 
Technology. An Instron Testing Machine with an integrated furnace was used to conduct the 
tensile tests. Figures 4 and 5 show the tensile test set-up at ambient and elevated 
temperatures. A laser extensometer (LX 500) developed by Multi-purpose TestWare System 
(MTS) with an accuracy of 1µm was used to measure the strain of test specimens (see Figure 
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5). The LX non-contact laser extensometer measures the elongation of the specimen by 
scanning the specimen and detecting the location of reflective tapes. As the reflective tapes 
move due to the elongation of the test specimen, the laser tracks their movements.  
In the elevated temperature tests, the tensile specimen was fixed within the grooves of the 
high-temperature jaws (see Figure 4). The specimen was then heated up to the required level 
at a rate of 25
o
C/min. It was maintained at the required temperature for about 20 minutes to 
ensure the entire specimen was heated up to the required temperature. Much attention was not 
focused on the temperature rate as it does not significantly influence the mechanical 
properties in the steady state tensile tests. Further, the maximum temperature rise rate on 
welded hollow flange channel section (LSB) studs is about 20
o
C/minute when they are used 
in single plasterboard lined LSF walls exposed to standard fire temperature curves [13]. 
Elongation due to the thermal expansion of the specimen may result in developing a 
compressive load in the specimen. Therefore during the heating phase, the specimen was 
maintained under a small tensile load while allowing free upward movement. After the 
specimen reaching the target temperature, a tensile load was applied at a constant 
displacement rate of 1.0 mm/min until the failure of the specimen. This displacement rate is 
equivalent to an approximate strain rate of 0.016/min (0.000275/s). This strain rate satisfies 
the requirement of the Australian standard for tensile testing of metals at elevated 
temperatures, AS 2291 [13], which specifies the allowable range of strain rate as 0.00025/s to 
0.0025/s. Both the applied tensile load and the displacement data were recorded at a 
frequency of 5 Hz. Figure 6 shows the failure modes of the tensile specimens. Based on the 
visual observations during and after testing, the failure mode was considered less ductile 
without much necking at lower temperatures while at 480
o
C the steel showed greater ductility 
with larger elongations.          
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3. Ambient Temperature Tensile Test Results 
Figure 7 presents the stress-strain curves of web, inner and outer flange specimens at ambient 
temperature, all of which exhibit a linear elastic region followed by yielding. The stress-strain 
behaviour of web specimens included sharp yielding with a yield plateau whereas gradual 
yielding was observed for the flange specimens. Therefore, the yield strength was taken as 
the value corresponding to the yield plateau for web specimens while it was calculated based 
on the 0.2% proof stress method for flange specimens. The yield strengths of web, inner and 
outer flange elements of LSB were found to be 445, 474 and 550 MPa, respectively. The 
differences in yield strength values were due to the varying levels of cold-working during the 
manufacturing process (higher level for outer flange elements). Ductility of outer flange 
elements was found to be lower than that of inner flange elements due to the same reason. 
The elastic modulus values of web, inner and outer flange elements were 204,887, 194,813 
and 200,390 MPa, respectively. Hence it appears that cold-working did not alter the elastic 
modulus of steel used in LSBs. 
4. Elevated Temperature Tensile Test Results 
4.1. Yield Strengths 
Figures 8 (a) to (c) show the stress-strain curves of 1.53 mm thick web, 1.58 mm thick inner 
flange and 1.66 mm thick outer flange specimens at elevated temperatures. The stress-strain 
curves of web specimens showed a linear elastic region followed by a plateau at 20 and 
200
0
C, and the yield strength was taken as the stress corresponding to the plateau. At 
temperatures beyond 200
o
C the stress-strain curves of web specimens were of the gradual 
yielding type and did not include a yield plateau for which the 0.2% proof stress method was 
used to determine the yield strength. This behaviour was also observed in Dolamune 
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Kankanamge and Mahendran’s [5] experimental study for the lower strength steel (G250) 
specimens. 
The behaviour of inner and outer flange specimens was different to that of web specimens 
and followed the gradual yielding pattern at ambient and elevated temperatures (see Figures 8 
(b) and (c)). This was similar to the behaviour of high strength steel (G500) specimens of 
Dolamune Kankanamge and Mahendran [5]. Due to the gradual yielding behaviour, 0.2% 
proof stress method was used to determine the yield strengths of the inner and outer flange 
specimens from welded hollow flange channel sections at both ambient and elevated 
temperatures. In addition, the 0.5%, 1.5% and 2.0% total strain based yield strengths were 
also determined. It is very interesting to note that at elevated temperatures the web and flange 
specimens behave similar to low strength (G250) and high strength (G500) cold-formed 
steels, respectively, although they are from the same welded hollow flange channel section 
(LSB). This distinctive behavioural variation is due to the different levels of cold-working 
within LSB, and further these results also portray the influence of cold-working on the 
elevated temperature mechanical properties of cold-formed steels.  
Table 1 gives the measured yield strengths of web, inner and outer flange specimens at 
ambient and elevated temperatures. The reduction factor of yield strength at elevated 
temperature was calculated as the ratio of yield strength at elevated temperature (fy,T) to that 
at ambient temperature (fy,20), and are shown in Figure 11 (a). 
Figures 9 (a) to (c) show the yield strength reduction factors of web, inner and outer flange 
specimens based on yield strengths determined using 0.2% proof stress and 0.5, 1.5 and 2% 
total strain methods. It is very interesting to note that the yield strength reduction factors 
based on 0.2% proof stress and 0.5% total strain methods agreed well for web, inner and 
outer flange specimens. The elevated temperature yield strengths and their reduction factors 
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based on 1.5% and 2% total strain methods are very high in comparison to those based on 
0.2% proof stress and 0.5% total strain methods for web specimens. However, the yield 
strength reduction factors of inner and outer flange specimens found using the above different 
methods did not vary significantly.  
The ultimate strengths were higher than the yield strengths (see Figure 10 (a)), irrespective of 
the methods used (0.2% proof stress and 0.5, 1.5 and 2% total strain methods) for web 
specimens. For outer flange specimens, the yield strengths based on 0.2% proof strength and 
0.5% total strain methods are about the same (see Figure 10 (b)). Further, the yield strengths 
based on 1.5% and 2% total strain methods are almost the same, but they are higher than 
those found from 0.2% proof strength and 0.5% total strain methods. Importantly, the 
ultimate strengths of outer flange specimens are very close to the yield strengths based on 1.5 
and 2% total strain methods (see Figure. 10 (b)). Therefore based on these observations, it is 
not advisable to use the yield strength calculated based on 1.5% and 2% total strain methods 
in actual design. However, the yield strengths based on 0.2% proof stress and 0.5% total 
strain methods can be used for the design at ambient and fire conditions since they are about 
the same. As seen in Figure 11 (a), the inner and outer flange specimens have similar yield 
strength reduction factors while the reduction factors of web specimens are different from 
them.  
4.2. Elastic Moduli 
Elastic modulus, the slope of the stress-strain curve in the elastic region, reduces with 
increasing temperature. However, as observed in the ambient temperature test results, the 
cold-forming process does not seem to affect the elastic modulus. Table 2 presents the elastic 
modulus obtained for web, inner and outer flange specimens at ambient and elevated 
temperatures. It shows that the elastic modulus decreases with increasing temperature for 
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web, inner and outer flange specimens of welded hollow flange channel sections. The elastic 
modulus reduction factors were calculated as the ratio of the elastic modulus value at elevated 
temperature to that at ambient temperature (ET/E20), and are plotted in Figure 11 (b). The 
elevated temperature elastic modulus values of outer flange and web specimens were about 
the same, and those of inner flange specimens were slightly higher than others. 
4.3. Ultimate Strengths 
The ultimate strengths of web, inner and outer flange specimens are given in Table 2. Figure 
11 (c) presents the ultimate strength reduction factors calculated as the ratio of the ultimate 
strengths at elevated and ambient temperatures (fU,T/fU,20) for web, inner and outer flange 
specimens. They showed a similar pattern with only a slight variation. Therefore, the ultimate 
strength reduction factors can be considered to be about the same for cold-formed steels with 
varying thicknesses and grades. 
5. Comparisons of Experimental Results with Current Design Standards and Previous 
Studies 
5.1. Comparison of Yield Strength Reduction Factors 
Many researchers, Dolamune Kankanamge and Mahendran [5], Mecozzi and Zhao [6], Chen 
and Young [7], Ranawaka and Mahendran [8], Wei and Jihong [9], Jihong and Wei [10] and 
Outinen and Makelainen [11], conducted tensile tests of the specimens taken from cold-
formed steel sheets. Figure 12 (a) compares the yield strength reduction factors from this 
study with those from previous studies. This comparison clearly demonstrates the wide 
scatter among the reduction factors obtained and/or recommended in previous studies and 
current design standards. For example, the yield strength reduction factor varies from 0.15 to 
0.65 and 0.05 to 0.35 (more than six times) at 500 and 600
o 
C, respectively. As seen in Figure 
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12 (a), Dolamune Kankanamge and Mahendran’s [5] proposed reduction factors for low 
strength steels were less than those obtained for the inner and outer flange specimens at all 
temperatures. They are higher than the values for the web specimens up to 200
o
C, but are 
lower than those beyond 200
o
C. Dolamune Kankanamge and Mahendran’s [5] reduction 
factors for high strength steels are similar to those of inner and outer flange specimens for 
temperatures up to 300
o
C, but are lower than those beyond 300
o
C. In contrast, they are higher 
than those of web specimens up to 400
o
C unlike Dolamune Kankanamge and Mahendran [5]. 
The yield strength reduction factors of Outinen and Makelainen [11] were higher than those 
of web specimens, but were lower than those of flange specimens. Further, Mecozzi and 
Zhao [6], Wei and Jihong [9] and Jihong and Wei’s [10] proposed reduction factors were also 
considerably different to those found in this study.  
Figure 12 (b) presents the comparison of yield strength reduction factors with those given in 
Eurocode 3 Part 1.2 [4] and AS 4100 [14] for hot-rolled steel members. Eurocode 3 Part 1.2 
[4] gives the same yield strength reduction factors for low and high strength steels. Figure 12 
(b) shows that the reduction factors of web specimens agree well with Eurocode 3 Part 1.2 [4] 
reduction factors. However, Eurocode 3 Part 1.2 [4] reduction factors are too conservative for 
inner and outer flange specimens. The reduction factors of web specimens were lower than 
AS 4100 [14] values while those of flange specimens were higher than them. 
Based on this comparison, the reduction factors given in Eurocode 3 Part 1.2 [4] are proposed 
for LSB web elements while the measured experimental values are proposed for LSB inner 
and outer flange elements up to 400
o
C. New yield strength reduction factor model needs to be 
developed for flange elements beyond 400
o
C. The elastic modulus reduction factors found 
based on the available literature were compared with the experimental results and are 
discussed next. 
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5.2. Comparison of Elastic Modulus Reduction Factors 
As seen in Figure 13 (a), the elastic moduli values of web, inner and outer flange specimens 
from LSBs were different from those of previous studies. The reduction factor variations of 
web and outer flange specimens were closer to those of previous studies. The reduction 
factors of inner flange specimens were slightly higher than those of other plate elements and 
thus as a conservative measure they were not considered in predicting the elastic modulus 
reduction factor variation for LSB plate elements. Elastic modulus reduction factors proposed 
by Wei and Jihong [9] and Jihong and Wei [10] based on transient state tests were found to 
be lower than the results from this study and therefore too conservative. The variation of 
Chen and Young’s [7] proposed reduction factors for high strength steels were different from 
other researchers’ data. Mecozzi and Zhao’s [6] proposed reduction factors were closer to 
those of LSB web specimens for lower temperatures. However, there was a sudden drop in 
the reduction factors of this study beyond 400
oC. Dolamune Kankanamge and Mahendran’s 
[5] reduction factors also did not agree with the results from this study. Elastic modulus 
reduction factors of Eurocode 3 Part 1.2 [4] and Outinen and Makelainen [11] were similar to 
those of web and outer flange specimens up to 400
o
C. However, there was a sudden drop in 
the elastic modulus in this study at 480
o
C. In contrast, the reduction factor of Eurocode 3 Part 
1.2 [4] showed a slight rise at 500
o
C and then followed the initial variation. Therefore simply 
using the reduction factors of Eurocode 3 Part 1.2 [4] is not accurate for LSB plate elements. 
As seen in Figure 13 (b), the AS 4100 [14] elastic modulus reduction factors were higher than 
those of web and outer flange specimens at all the temperatures while they are lower than 
those of inner flange specimens up to 400
o
C, but thereafter they are higher than them. 
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5.3. Comparison of Elevated Temperature Stress-Strain Curves 
Ramberg and Osgood [15] proposed a simple equation to represent the stress-strain 
characteristic of steel at ambient temperature. This model had been used by many researchers 
to describe the stress-strain characteristics at elevated temperatures for cold-formed steels. 
For example, Dolamune Kankanamge and Mahendran [5], Ranawaka and Mahendran [8] and 
Outinen and Makelainen [11] proposed suitable models to demonstrate the stress-strain 
curves of cold-formed steels at elevated temperatures based on Ramberg-Osgood’s [15] 
stress-strain model. Chen and Young [7] also proposed suitable models to describe the stress-
strain curves of cold-formed steels at elevated temperatures. As discussed earlier, Dolamune 
Kankanamge and Mahendran [5] and Ranawaka and Mahendran [8] conducted experiments 
for cold-formed steels manufactured by the same Australian company. Dolamune 
Kankanamge and Mahendran [5] summarised all these data and proposed some modifications 
to the stress-strain curves proposed by Ranawaka and Mahendran [8] based on Ramberg and 
Osgood’s [15] model to predict them accurately. They modified the stress-strain model 
proposed by Ranawaka and Mahendran [8] for low strength steels as they found that the 
model proposed for high strength steels was accurate. They also concluded that Ranawaka 
and Mahendran’s [8] model gave more accurate results than that of Chen and Young’s [7] 
model. Further their models have been used by Gunalan et al. [16], Gunalan and Mahendran 
[17] and Ariyanayagam and Mahendran [18] in their finite element models of cold-formed 
steel columns and wall studs, and their finite element model predictions agreed well with 
their test results. This proves the accuracy of Dolamune Kankanamge and Mahendran’s [5] 
stress-strain models in these applications. The stress-strain curves obtained using their models 
are shown in Figures 14 and 15 for inner and outer flange and web elements.  
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Dolamune Kankanamge and Mahendran’s [5] model is quite simple, accurate and avoids 
complex calculation procedures. The applicability of their model to predict the stress-strain 
characteristics of the steels from LSBs was investigated. Figure 14 compares the stress-strain 
curves of inner and outer flange specimens with those of Dolamune Kankanamge and 
Mahendran’s [5] model for high strength steels. There is a good agreement at 200, 300 and 
400
o
C. A small deviation is observed in other temperature regions. A slight modification to 
Dolamune Kankanamge and Mahendran’s [5] model could result in a more accurate model to 
predict the stress-strain curves of outer flange elements of welded hollow flange channel 
section/LSBs at elevated temperatures. A similar observation was also observed for inner 
flange specimens. 
Figure 15 (a) compares the stress-strain curves of web specimens obtained from this 
experimental study and Dolamune Kankanamge and Mahendran’s [5] model for high strength 
steels. They agreed closely up to 1% strain and thereafter the predicted values were lower. 
Stress-strain curves of web specimens at 20 and 200
o
C are not included as they had a yield 
plateau at these temperatures. Figure 15 (b) compares the stress-strain curves of web 
specimens based on this experimental study and Dolamune Kankanamge and Mahendran’s 
[5] model for low strength steels and they did not show a good agreement. Therefore 
Dolamune Kankanamge and Mahendran’s [5] stress-strain models are not suitable to predict 
the stress-strain characteristics of LSB web elements and appropriate modifications are 
required to their model. 
6. Predictive Equations for Mechanical Property Reduction Factors 
6.1. Yield Strength Reduction Factors 
As discussed earlier, the yield strength reduction factors from this study did not show a good 
agreement with any of the previous studies. However, the reduction factors of LSB web 
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elements matched reasonably well with those of Eurocode 3 Part 1.2 [4]. Therefore it was 
decided to use Eurocode 3 Part 1.2 [4] reduction factors for LSB web elements (refer Table 
3). In the manufacturing of LSB, hot-rolled steel sheets are subjected to considerable cold-
working, but its web elements are subjected to minimum cold-working. Hence the elevated 
temperature yield strengths of web elements can be expected to follow the yield strength 
reduction factors given in Eurocode 3 Part 1.2 [4] for thin hot-rolled and cold-formed steels 
(see Figure 16).  
The different levels of cold-working used in the manufacturing process of cold-formed and 
welded hollow flange channel sections have caused the differences between the web and 
flange elements of LSBs and thus the yield strength reduction factors of flange elements did 
not match with those of Eurocode 3 Part 1.2 [4]. However, they followed the yield strength 
reduction pattern of Dolamune Kankanamge and Mahendran’s [5] high strength steels up to 
300
o
C. But later, they were not even closer to them. However, they followed Outinen and 
Makelainen’s [11] values based on their tests on cold-formed SHSs (see Figure 16). 
Therefore the flange element yield strength reduction factors were considered to follow the 
same trend of Outinen and Makelainen [11] beyond 400
o
C. It can be expected to follow the 
trend of Outinen and Makelainen’s [11] model as their tests were conducted for steel 
specimens taken from SHS sections and the manufacturing process of SHS sections is similar 
to that of LSB. Hence it was decided to propose the yield strength reduction factors using the 
experimental results of inner and outer flange elements from this study up to 400
o
C and 
Outinen and Makelainen’s [11] results beyond 400oC. The reduction factor of LSB flange 
elements was extrapolated beyond 400
o
C with the same reduction rate as Outinen and 
Makelainen [11] up to 650
o
C (see Figure 16). Thereafter, Outinen and Makelainen’s [11] 
reduction rate was followed up to 800
o
C. Figure 17 shows the proposed yield strength 
reduction factor variation for LSB web, inner and outer flange elements. 
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The web element yield strength reduction factors are proposed based on Eurocode 3 Part 1.2 
[4] and their 0.2% proof stress values at elevated temperatures. They are reproduced in Table 
3. Eurocode 3 Part 1.2 [4] does not give simplified linear equations to determine the elevated 
temperature mechanical property reduction factors. For an accurate representation of these 
factors using linear equations many temperature regions are needed. Hence predictive 
equations were not developed in this case.  
For flange elements, simplified equations are proposed for three different temperature regions 
based on Figure 17. For 20 to 400
o
C a non-linear equation is proposed while for 400 to 650
o
C 
and 650 to 800
o
C linear equations are proposed as given by Equations 1 (a) to (c). The 
reduction factors are also given in Table 3. 
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The corners of the thin-walled hollow flange channel sections used in this research had small 
corners. Hence no attempt was made to test coupons from the corners of these sections. It is 
likely that the yield strength of the corner element is higher than the flange and web yield 
strengths. Since the elevated temperature mechanical property reduction factors of inner and 
outer flanges are the same, the corners can also be considered to have the same reduction 
factors. However, these effects are negligible for thin-walled hollow flange channel sections. 
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6.2. Predictive Equations for Elastic Modulus Reduction Factors 
Previous researchers have concluded that the elastic modulus at elevated temperatures did not 
depend on the steel grade and thickness. The least square method given in ASTM E111-04 
[19] was followed in the elastic modulus calculation at both ambient and elevated 
temperatures. The reduction factors obtained based on Eurocode 3 Part 1.2 [4] matched well 
with our experimental results up to 400
o
C. However, a larger deviation was observed at 
480
o
C. The elastic modulus reduction factors of Eurocode 3 Part 1.2 [4] and Outinen and 
Makelainen [11] matched exactly with each other. As discussed earlier, by considering the 
similarity between the manufacturing of Outinen and Makelainen’s [11] SHS and welded 
hollow flange channel section/LSB used in this study, it was decided to propose a new elastic 
modulus reduction factor pattern for web and flange elements of LSBs based on Eurocode 3 
Part 1.2 [4] and Outinen and Makelainen [11].  
Eurocode 3 Part 1.2 [4] elastic modulus reduction factors are proposed for LSB plate 
elements up to 400
o
C. The elastic modulus reduction factors from other researches and 
Eurocode 3 Part 1.2 [4] are about the same beyond 700
o
C as shown in Figure 13. Therefore 
Eurocode 3 Part 1.2 [4] elastic modulus reduction factors are used for temperatures above 
700
o
C for LSB steel plate elements. Between 400 and 700
o
C, it is assumed that the elastic 
modulus reduction factors will reduce linearly as most of the other researchers’ values 
showed a linear relationship in this region (see Figure 13). Further, the reduction factor is 
taken as 1.0 up to 100
o
C. The proposed model is shown in Figure 18, and the equations to 
predict the elastic modulus reduction factors are given next. 
CT o10020             0.1
20

E
ET
                             
(2a)
CT o400100   1.1001.0
20
 T
E
ET                                 (2b) 
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CT o700400   46.10019.0
20
 T
E
ET                                       (2c) 
CT o800700   41.00004.0
20
 T
E
ET                            (2d) 
6.3. Predictive Equations for Stress-Strain Curves 
Stress-strain relationship model at elevated temperatures given in Equation 3, was based on 
Ramberg and Osgood’s [15] model, and in the past its modified versions have been used by 
Dolamune Kankanamge and Mahendran [5], Chen and Young [7], Ranawaka and Mahendran 
[8], Outinen [20] and Olawale and Plank [21]. Olawale and Plank [21] proposed  of 3/7 
while Outinen [20] proposed a value of 6/7. Dolamune Kankanamge and Mahendran [5] 
proposed the latest model for Australian cold-formed steels, and their model for high strength 
steels predicted the stress-strain curves of inner and outer flange elements of LSBs 
reasonably well (see Figure 14). However, minor modifications were proposed to these 
models to accurately predict the stress-strain relationships of LSB flange elements. The 
parameter β was kept constant as 0.86 and the equation to predict the parameter T was 
modified as given in Equation 3 (c). Stress-strain relationships of LSB flange elements are 
given next.  
T
Ty
T
T
T
T
f
f
k
E
f











,
                                  (3a)  







T
Ty
E
f
k
,                               (3b) 
For inner and outer flange elements,    
CT o80020        4199.240372.0107789.41029.9
2437   TTxTxT             (3c) 
86.0  
For web elements, 
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CT o80020   431942.01092.2
24   TTxT              (3d) 
1  
Dolamune Kankanamge and Mahendran’s [5] stress-strain model for low strength steels did 
not predict the stress-strain curves of web elements of LSBs. Their model for high strength 
steels agreed reasonably well up to 1% strain level and thereafter a large variation was 
observed (see Figure 15). Therefore the parameter β was modified from 1.5 to 1.0 and 
Equation 3 (d) was proposed to predict ηT, which resulted in the accurate predictions of the 
stress-strain curves of web elements at elevated temperatures using Equation 3 (a). The 
stress-strain curves of web, inner and outer flange elements were plotted using the proposed 
models, and are shown in Figures 19 (a) to (c). As seen in these figures, the experimental 
results agree well with those from the proposed models, thus proves the accuracy of the 
proposed models. 
 
Ramberg and Osgood’s [15] original stress-strain model is for ambient temperature with a 
factor k of 0.002 if the 0.2% proof strength is used in the models. The same k factor should 
have been used at elevated temperatures also. However, the elevated temperature mechanical 
property researchers [5, 7, 8, 20, 21] found that such a model with a k value of 0.002 was not 
able to predict the measured stress-strain curves at varying elevated temperatures from 20 to 
800
o
C. Hence they proposed Equation 3 (b) in which the k factor at elevated temperatures 
changes slightly as the ratio of the elevated temperature yield strength (fyT) to the elastic 
modulus (ET) changes, i.e., it will not be a constant of 0.002. However, the effects of this 
approximation on the 0.2% proof stress are negligible. In the models proposed in this study 
for web and flange elements, the k factors varied from 0.0018 to 0.0036, however the change 
in the 0.2% proof strength was within -5 to 5 MPa in this study, i.e., the error is less than 
1.15%, and is negligible. However by using Equation 3 (b) to determine k as used by other 
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researchers, it is able to represent the elevated temperature stress-strain curves of cold-formed 
steels by a single set of equations, while matching the experimental stress-strain curves quite 
well. 
The predictive equations proposed in this paper for the elevated temperature mechanical 
properties including stress-strain curves can be used for hollow flange channel sections 
manufactured using the same combined cold-forming and electric welding process. They are 
also applicable to such sections with varying sizes. This research based on two different 
welded hollow flange channel sections and Anapayan et al.’s [2] research on 13 different 
sections with varying depths (150 to 300 mm) showed that the ambient temperature 
mechanical properties are approximately the same although the yield strengths of web and 
flange elements are different. Therefore it is considered that the elevated temperature 
mechanical property results given in this paper are applicable to welded hollow flange 
channel sections with varying sizes. However, their applicability to other cold-formed 
sections is questionable as evident from the differences observed in comparisons with other 
researchers’ test results in Figure 12. 
7. Conclusions 
This paper has presented the details of an experimental study to determine the elevated 
temperature mechanical properties of web, inner and outer flange elements of a cold-formed 
and welded hollow flange channel section known as LiteSteel Beam. Experimental results 
showed that the mechanical property reduction variation of welded hollow flange channel 
sections is different to other researchers’ predicted values for low and high strength cold-
formed steels due to their different manufacturing process. The mechanical properties and the 
reduction variations of web and flange elements was also different under both the ambient 
and elevated temperatures due to the different levels of cold-working experienced in 
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manufacturing. Suitable predictive equations were proposed for the elevated temperature 
elastic modulus and yield strength reduction factors of the web and flange elements of welded 
hollow flange channel sections using the experimental results of this study and the 
comparisons with those of previous studies and current steel design standards. The stress-
strain model proposed by Dolamune Kankanamge and Mahendran [5] did not accurately 
predict the stress-strain curves of web and flange elements. Therefore suitable modifications 
were made to their equations to accurately predict the stress-strain curves of web and flange 
elements of welded hollow flange channel sections at elevated temperatures. These predictive 
models can be used by engineers to determine the structural capacity of cold-formed and 
welded hollow flange channel sections using finite element analyses and design rules. 
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Figure 1: Welded Hollow Flange Section – LiteSteel Beam (LSB) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Tensile Specimen and its Dimensions 
 
 
 
Figure 3: Retro-Reflective Tape 
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Figure 4: Tensile Test Set-up 
 
 
Figure 5: Overall Test Set-up 
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Figure 5: Tensile Specimens after the Failure 
 
 
Figure 6: Tensile Specimens after Failure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: Stress-strain Curves at Ambient Temperature 
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Figure 8: Stress- Strain Curves at Ambient and Elevated Temperatures 
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Figure 9: Yield Strength Reduction Factors based on Strain Levels 
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          Figure 10: Yield and Ultimate Strengths 
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(c) Ultimate Strength 
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Figure 11: Elevated Temperature Mechanical Property Reduction Factors of Web, 
Inner and Outer Flange Specimens  
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Figure 12: Comparison of Yield Strength Reduction Factors  
 
 
 
 
 
(a) Previous Studies 
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Figure 13: Comparison of Elastic Modulus Reduction Factors  
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Figure 14: Comparisons of Stress-strain Curves from the Experimental Study and 
Dolamune Kankanamge and Mahendran’s [5] Model for High Strength Steels 
 
(a) Inner Flange Specimens 
(b) Outer Flange Specimens 
  
 
11 
 
0
100
200
300
400
500
600
0 0.01 0.02 0.03 0.04 0.05 0.06
St
re
ss
 (
M
P
a)
 
Strain 
300-Exp 300-Model 400-Exp
400-Model 480-Exp 480-Model
0
100
200
300
400
500
600
0 0.01 0.02 0.03 0.04 0.05 0.06
St
re
ss
 (
M
P
a)
 
Strain 
300-Exp 300-Model 400-Exp
400-Model 480-Exp 480-Model
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: Comparisons of Stress-strain Curves of Web Specimens 
(a) Experimental Study versus Dolamune Kankanamge and Mahendran’s [5] 
Model for High Strength Steels 
 
(b) Experimental Study versus Dolamune Kankanamge and Mahendran’s [5] 
Model for Low Strength Steels 
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Figure 16: Prediction of Yield Strength Reduction Factors of Web and Flange Elements 
based on Previous Studies and Current Steel Design Standards 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Proposed Yield Strength Reduction Factors for Web and Flange Elements 
Proposed 
Web – Proposed (Eurocode 3 Part 1.2) Flange - Proposed 
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Figure 18: Predicted Elastic Modulus Reduction Factors based on Previous Studies and 
Current Steel Design Standards 
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Figure 19: Stress-Strain Curves of Web, Inner and Outer Flange Elements Compared 
with the Proposed Model 
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Table 1: Measured Yield Strengths Based on 0.2% Proof Strength and 0.5, 1.5 and 2.0 
% Total Strain Methods 
 
 
 
Table 2: Elastic Moduli and Ultimate Strengths of Web, Inner and Outer Flange 
Specimens 
 
 
 
 
 
 
 
 
 
 
Temp. 
(
o
C) 
1.53 mm thick web specimen 
0.2% proof strength 0.5% total strain 1.5% total strain 2.0% total strain 
20 445 450 448 462 
200 376 380 414 432 
300 354 365 410 425 
400 295 302 344 358 
480 249 250 274 276 
Temp. 
(
o
C) 
1.66 mm thick outer flange specimen 1.58 mm thick inner flange specimen 
0.2% p.s 0.5% t.s 1.5% t.s 2.0% t.s 0.2% p.s 0.5% t.s 1.5% t.s 2.0% t.s 
20 550 552 590 590 474 480 516 520 
200 534 524 557 561 - - - - 
300 503 503 555 561 453 464 505 514 
400 444 440 466 467 388 395 418 421 
480 348 347 363 363 296 297 298 294 
Temperature 
(
o
C) 
Elastic Modulus (MPa) Ultimate Strength (MPa) 
Web OF IF Web OF IF 
20 204,887 200,390 194,813 544 593 560 
200 200,159 178,254 - 523 578 - 
300 173,193 164,818 189,755 503 579 552 
400 136,590 120,569 159,049 405 469 427 
480 81,317 87,307 113,411 284 364 300 
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Table 3: Mechanical Property Reduction Factors for Web and Flange Elements  
Steel 
Temperature 
T (°C) 
Yield Strength  Elastic Modulus  
Eurocode 3 Part 
1.2 (ECS, 2005) 
Web 
Elements 
Flange 
Elements 
Web and Flange 
Elements 
20 1.00 1.00 1.00 1.00 
100 1.00 1.00 1.00 1.00 
200 0.89 0.89 0.98 0.90 
300 0.78 0.78 0.93 0.80 
400 0.65 0.65 0.82 0.70 
500 0.53 0.53 0.57 0.51 
600 0.30 0.30 0.32 0.32 
700 0.13 0.13 0.16 0.13 
800 0.07 0.07 0.08 0.09 
 
 
 
 
 
 
